We have developed an apparatus to search for the higher-order Lorentz violation in photons by measuring the resonant frequency difference between two counterpropagating directions of an asymmetric optical ring cavity. From the year-long data taken between 2012 and 2013, we found no evidence for the light speed anisotropy at the level of δc/c 10 −15 . Limits on the dipole components of the anisotropy are improved by more than an order of magnitude, and limits on the hexapole components are obtained for the first time. An overview of our apparatus and the data analysis in the framework of the spherical harmonics decomposition of anisotropy are presented. We also present the status of the recent upgrade of the apparatus.
Introduction
Lorentz invariance underlies all the known physics of fundamental interactions, and is widely accepted as the universal symmetry of nature. All of the great variety of precise experimental tests carried out so far show that Lorentz invariance is valid. However, theoretical attempts to unify the standard model of particle physics and general relativity have led to the possibility that Lorentz invariance may only be approximate. This motivates a further experimental search for Lorentz violation with increasing precision.
Since the experiment done by Michelson and Morley, the search for the anisotropy in the speed of light has been one of the most classical and direct way to test Lorentz invariance in photons. There are two types of searches; even-parity and odd-parity. Even-parity experiments search for the directional dependence in the round-trip speed of light. Michelson-Morley (MM) type experiments are evenparity experiments, and modern versions of MM-type experiments have been carried out by comparing the resonant frequencies of orthogonally aligned microwave cavities 1 or optical Fabry-Pérot cavities 2 . The current best upper limits on even-parity anisotropy obtained from these experiments are at the 10 −18 level 1 . On the other hand, odd-parity experiments search for the difference between the speed of light propagating in opposite directions. This search is done by measuring the resonant frequency difference between opposite directions of an asymmetric ring cavity. The best precision before our experiment was at the 10 −13 level 3 . To compare the results of the different experiments, the framework of the standard model extension (SME) has been widely used 4, 5 . Lorentz violating terms in the Lagrangian density of the SME are constructed from a conventional operator with constant tensor coefficients. These unconventional terms are characterized in part by the mass dimension d of the operators. Lorentz violating terms of d = 3 and d = 4 are renormalizable, and have been studied extensively both theoretically and experimentally. Nonrenormalizable terms with d > 4 create a wide variety of higher-order violations. Recently, theoretical works have established phenomenology to search for these higher-order violations experimentally 5, 6 . Here, we present our odd-parity experiment which reached the 10 −15 sensitivity level, and summarize our limits on higher-order Lorentz violation. We also describe the status of our upgrade of the apparatus
Spherical harmonic decomposition of anisotropy
A phenomenological way to express the light speed anisotropy is to simply expand the anisotropy with the special harmonics. Using the spherical harmonics
the speed of light can be expanded as
Here, θ ∈ [0, π] and φ ∈ [0, 2π) are the polar angle and the azimuthal angle of the spherical coordinates, respectively. P m l is the associated Legendre polynomials, and l and m are integers. y ¬ m l are the complex anisotropy spherical coefficients which are zero when Lorentz invariance holds, and * represents the complex conjugate. The l = 0 term in Eq. (2) represents the isotropic shift of the speed of light and can be assigned to multiple Lorentz violations, such as dependence of the speed of light on the source velocity, polarization, or wavelength. In this paper, we will neglect these terms because of the two reasons. One reason is because the leading order source velocity modulation only occurs at the period of a year from the revolution of the Earth around the sun. The other reason is because there are strict bounds on the Lorentz violation which cause the birefringence and dispersion. l = 1, 2, 3, · · · terms represent the dipole, quadrupole, hexapole, ... components of the anisotropy of the speed of light and can be measured separately by paying attention to the different types of rotational symmetries. l = 2k + 1 terms can be measured with odd-parity experiments, and l = 2k terms can be measured with even-parity, experiments.
Higher-order Lorentz violation is associated with the anisotropy with higher l. For example, SME Lorenz violating operators of mass dimension d = 6 and d = 8 create the higher-order anisotropy upto l = 2 and l = 4, respectively, This framework of the spherical harmonic decomposition is useful for the analysis independent of the choice of test theory. In this paper, we present our limits on the spherical coefficients y ¬ m l of l = 1, 3 to show the experimental precision in δc/c. Limits on the higher-order Lorentz violation in the framework of the SME can be found in Ref. 7.
Double-pass optical ring cavity
Symmetric ring cavities in vacuum have sensitivity to the even-parity Lorentz violations, but not to the odd-parity Lorentz violations. This is because the odd-parity terms cancel out over the round-trip path of the cavity (see Eq. (2)). However, a ring cavity will have direct sensitivity to the odd-parity Lorentz violations if the refractive index changes asymmetrically through its path. The resonant frequency of an asymmetric ring cavity shifts when the Lorentz invariance is violated. Since the signs of the resonant frequency shift are opposite between the clockwise and counterclockwise directions of the ring cavity, measuring the resonant frequency difference between opposite directions gives the Lorentz violation signal.
The schematic of our setup is shown in Fig. 1 . Our ring cavity is constructed from three mirrors and the silicon block is inserted in one side of the triangle to introduce asymmetry. The large refractive index of silicon (measured value n = 3.69 at wavelength λ = 1550 nm) gives better sensitivity to the odd-parity Lorentz violations.
The resonant frequency comparison is done with a double pass configuration. The 1550 nm laser beam is first injected into the ring cavity in counterclockwise direction. Using the error signal from the reflection from mirror1, the laser frequency is locked to the counterclockwise resonant frequency. The cavity transmitted beam from mirror2 is then reflected back into the cavity in the clockwise direction. The second error signal from the reflection from mirror2 is proportional to the resonant frequency difference, and in this signal we search for the Lorentz violation.
The whole optics and the laser source is put on a turntable and rotated to modulate the Lorentz violation signal. Positive and reverse rotations of 420
• were repeated alternately to avoid twisting of the power supply cables and the signal extraction cables. The rotation speed was ω rot = 30
• /sec (0.083 Hz). For more details of the apparatus, see Refs. 8, 9.
Limits on higher-order Lorentz violation
The ring cavity was rotated approximately 1.7 million times during the data acquisition done at the University of Tokyo for 393 days between August 2012 and September 2013. To test for Lorentz violation, we first consider a decomposition of the measured resonant frequency difference δν/ν into harmonics of ω rot ,
The amplitudes C m and S m vary at harmonics of Earth's sidereal frequency ω ⊕ and can be expanded as
where α = ω ⊕ T ⊕ is the right ascension of the local zenith 5 . In our analysis, we search for the dipole and the hexapole components of the anisotropy. Thus, we restrict attention to m = 1, 3 and m ′ = 0, 1, 2, 3. We first demodulated the data at mω rot to extract the amplitudes C m and S m in Eq. (3) Table 1 .
The calculation done in Ref. 9 gives the relationship between these modulation amplitudes and the spherical coefficients. Each of the modulation amplitudes is a linear combination of the spherical coefficients which are dependent upon the laser wavelength, the orientation, the length and refractive index of each arm of the cavity, and the colatitude (χ = 54.3
• ) of the laboratory. The results are summarized in Table 2 . All the measured coefficients are consistent with zero at 2σ, and we concluded that there's no significance for Lorentz violation. Our limits on l = 1 dipole coefficients are at the 6 × 10 −15 level, which was more than an order of magnitude better than the previous best experiment 3 . Our limits on l = 3 hexapole coefficients are at the 2 × 10 −15 level, and are the first limits to our knowledge. Fig. 2 shows the fractional frequency noise spectra of our setup. The blue curve shows the noise when the cavity is stationary, and the red curve shows the noise when the cavity is rotating. The hundredfold increase in the noise is suspected to come from the vibration of the turntable. Also, the frequency resolution of the spectrum when rotating is restricted to the rotational frequency (0.083 Hz) because of the alternative rotation.
Upgrade status
To overcome these limitations, we are currently upgrading the apparatus, as summarized in Fig. 3 . As for the optics, we reduced the height of the optical axis with respect to the breadboard from 2 in. to 0.5 in. to reduce the vibration sensitivity. Optical mounts for the new apparatus are now fixed directly on the breadboard to make the optics semi-monolithic. The data logger is now also fixed on the turntable to rotate together with the optics, and the data is transferred wirelessly to acquire data continuously. The AC power is now supplied with a slip ring to make the continuous rotation possible. The continuous rotation will help to increase the stability and also the frequency resolution.
At the time of writing, we have tested the new wireless data logger with the power supply from the slip ring. We have also assembled the semi-monolithic optics and made the first measurements of the stationary noise spectra. Detailed study on the noise is now ongoing.
Conclusion
We searched for the higher-order Lorentz violation in photons using a double-pass optical ring cavity. No significant evidence for the anisotropy in the speed of light was found at the level of 10 −15 . Our limits on the dipole components are more than an order of magnitude better than the previous best limits, and our limits on the hexapole components are the first constraints.
The upgrade of the apparatus is underway, and the upgraded apparatus has the potential to improve the sensitivity by 2 orders of magnitude.
